Abstract -Toxoplasmosis caused by Toxoplasma gondii, an obligate intracellular protozoan, is a cause of congenital disease and abortion in humans and animals. Various vaccination strategies against toxoplasmosis in rodent models have been used in the past few decades; however, effective vaccines remain a challenge. A recombinant adenovirus vaccine expressing ubiquitin-conjugated multi-stage antigen segments (Ad-UMAS) derived from different life-cycle stages of T. gondii was constructed previously. Here, we compared the immune responses and protection effects in vaccination of mice with Ad-UMAS by five vaccination routes including intramuscular (i.m.), intravenous (i.v.), subcutaneous (s.c.), intraoral (i.o.), and intranasal (i.n.). Much higher levels of T. gondii-specific IgG and IgA antibodies were detected in the sera of the intraoral and intranasal vaccination groups on day 49 compared with controls (p < 0.05). The percentages of CD8 + T-cells in mice immunized intranasally and intraorally were larger than in mice immunized intramuscularly (p < 0.05). The highest level of IL-2 and IFN-c was detected in the group with nasal immunization, and splenocyte proliferation activity was significantly enhanced in mice immunized via the oral and nasal routes. Furthermore, the higher survival rate (50%) and lower cyst numbers observed in the intraoral and intranasal groups all indicate that Ad-UMAS is far more effective in protecting mice against T. gondii infection via the mucosal route. Ad-UMAS could be an effective and safe mucosal candidate vaccine to protect animals and humans against T. gondii infection. 
Introduction
Toxoplasma gondii is a single-cell obligate intracellular protozoan with an infection rate of approximately 25%-30% in the worldwide population [6, 13, 29] . In pregnant women, this parasite may threaten health or even be fatal concerning congenitally infected fetuses [30] . It is also a major opportunistic infection in immunodeficient individuals, causing toxoplasmic encephalitis and retinochoroiditis [7, 17, 33] . As a result, an effective vaccine against T. gondii is urgently needed to prevent this disease.
Various vaccination strategies against toxoplasmosis in rodent models have been used in the last few decades. However, effective vaccines remain a challenge as tested vaccines have not been able to confer sterile immunity against infection [19] . Current research on T. gondii vaccines only focuses on antigens expressed in the tachyzoite stage, which only induce partial protective immunity [20, 28, 38, 44] . The development of a variety of epitope combinations from different stages of the life cycle, including tachyzoites, bradyzoites (in tissue cysts), and sporozoites (in oocysts), are likely to induce full protection [2, 3, 4, 43] . With the development of bioinformatics, epitope vaccines are considered a novel immunization approach to prevent T. gondii infection. In addition, an appropriate delivery system of vaccines could increase the transfection efficiency of immune cells.
Adenovirus, which can penetrate host cells delivering vaccine antigen to antigen-presenting cells (APCs) and elicit vigorous and sustained T-cell responses, is a promising T. gondii vaccine vector and can be used effectively to transport immunogens [27] . Recent studies have also found that recombinant canine adenovirus type-2 expressing TgROP16 and TgROP18 provides partial protection against acute T. gondii infection in mice, and indicate that adenovirus vectors may be potentially useful in the development of an effective vaccine against T. gondii infection [21, 22] .
The mucosal immune system consisting of specialized epithelial cells can trigger both humoral and cell immune responses when antigens are administered with appropriate adjuvants or attenuated live vaccines via mucosal routes (oral, nasal, sublingual, ocular, genital, or rectal) [18, 23] . Furthermore, local mucosal immunization can lead to antigen-specific T-and B-cell responses not only in mucosal sites but also systemically [5, 24] . Hence, there is a greater need for effective vaccines that exert protective effects at mucosal surfaces, especially for intracellular parasites such as T. gondii.
In this research, we utilize a recombinant adenovirus vaccine expressing ubiquitin-conjugated multi-stage antigen segments (Ad-UMAS) derived from different life-cycle stages of T. gondii to evaluate the immune responses obtained with the different intramuscular vaccination routes described in our earlier study [41] . To further explore the optimal immune pathway for this recombinant adenovirus T. gondii vaccine, we plan to determine the immune responses and protection efficacy by vaccinating BALB/c mice via five routes (intramuscular (i.m.), intravenous (i.v.), subcutaneous (s.c.), intraoral (i.o.), and intranasal (i.n.)).
Materials and methods

Ethics approval
All the experimental procedures with animals used in the present study were granted prior approval by the Institutional Animal Care and Use Committee of Shandong University under Contract LL201602044. Humane endpoints are chosen to terminate the pain or distress of the experimental animals via euthanasia. Mice were monitored daily over 11 weeks for signs of toxoplasmosis including food and water intake difficulties, fatigue, severe ascites, and any test animals that showed signs of illness were euthanized immediately with CO 2 gas.
Parasites
Tissue cysts of the low-virulence Prugniaud (PRU) strain (type II) and tachyzoites of the high-virulence RH strain (type I) of T. gondii, which were a kindly provided by Professor Xingquan Zhu at Lanzhou Veterinary Research Institute, were propagated and harvested as described in our previous studies [41] , and then used for the in vivo challenge of mice.
Construction of the recombinant adenovirus vaccine
Ad-UMAS vaccine was constructed as previously described [40] . Briefly, Ad-UMAS was constructed using the AdMAX system (Hanbio, Shanghai, China). The ubiquitinconjugated multi-stage antigen segments (UMAS) were cloned into a shuttle plasmid, pHBAd-MCMV-GFP. Ad-UMAS was generated by homologous recombination of pHBAd-MCMV-GFP-UMAS with pHBAd-BHG in HEK-293 cells. Ad-UMAS particles, with a titer of 10 11 plaque-forming units (PFU)/mL, were purified by cesium chloride gradient centrifugation and then stored in storage buffer (10 mM Tris, 2 mM MgCl 2 , and 5% sucrose, pH 8.0) at À80°C.
Mice immunization
Specific-pathogen-free female BALB/c mice aged 6-8 weeks were purchased from Shandong University Laboratory Animal Centre (Jinan, China). The animals for vaccination included intramuscular, intravenous, subcutaneous, intraoral, and intranasal immunization groups (15 mice per group). For the intramuscular group, the mice were injected 100 lL (3 · 10 8 PFU) Ad-UMAS in the quadriceps muscle. For the intravenous group, the mice were injected 50 lL (3 · 10 8 PFU) Ad-UMAS in the caudal vein. The subcutaneous and oral groups were administered 200 lL (3 · 10 8 PFU) Ad-UMAS by subcutaneous injection and intragastric administration. For intranasal vaccinations, mice were anesthetized with 3% isoflurane in oxygen and were given a nasal drip of 10 lL (3 · 10 8 PFU) Ad-UMAS with the head canted 45°for 10 min. Each group also had 15 mice that were treated with phosphate-buffered saline (PBS) as the control. Mice were vaccinated twice at 3-week intervals. Table 1 summarizes the treatments given to the mice. Figure 1 shows the study flowchart for vaccinated mice.
Measurement of humoral response
Serum samples were collected by retro-orbital bleeding on days 0, 14, 35, and 49. Standard ELISAs were used to determine the levels of T. gondii-specific antibodies, IgG, IgG1, IgG2a, and IgA, in the serum samples from the inoculated mice. This was done with some changes to the method previously described [3, 5] . Briefly, a flat-bottom 96-well plate was pre-coated with the UMAS peptide pool at a concentration of 10 lg/mL in a 50 mM carbonate-bicarbonate buffer (pH 9.6) overnight at 4°C. The mouse sera were diluted in PBS (1:100) and incubated at 37°C for 1 h. After washing the plates, bound antibodies were then reacted with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG, IgG1, IgG2a, or IgA (Sigma-Aldrich, USA) at 37°C for 1 h. Peroxidase activity was revealed by 3, 3 0 , 5, 5 0 -tetramethylbenzidine (TMB, 10 mg/mL) and stopped by adding 50 lL of 2 M H 2 SO 4 . The optical density (OD) at 450 nm was measured by a Thermo Scientific Multiskan FC Microplate Photometer (Thermo Scientific, USA).
Lymphocyte proliferation assay
Spleens were removed from three immunized mice per group four weeks after the last immunization. Single-cell splenocytes were harvested following the method described in a previous study [5, 42] . Isolated splenocytes were plated in 96-well plates, at a density of 1 · 10 6 per well, in 100 lL RPMI-1640 medium (Sigma-Aldrich, USA) supplemented with 10% fetal calf serum and cultured with Concanavalin A (ConA, 2 lg/mL, Sigma-Aldrich) or the UMAS peptide pool (10 lg/mL). Cell proliferative activity was measured according to the manufacturer's instructions on a Dojindo Cell Counting Kit-8 (Dojindo, Japan). The results were expressed as absorbance at 450 nm.
Cytokine production
The level of cytokine production was determined using splenocytes from three mice per group 4 weeks after the last immunization. Commercial ELISA Kits (R&D Systems, USA) were used following the manufacturer's instructions to assay IL-2 at 24 h, IL-10 at 72 h, and IFN-c at 96 h in culture supernatants obtained as previously described [40] . This was done by collecting the cell supernatant of three wells from the 96-well plates and centrifuging to discard cell debris. The supernatant was tested for cytokines. The detection was replicated three times for each spleen.
Cell surface staining of murine splenic lymphocytes
Cells were stained with fluorescein isothiocyanate (FITC)-labeled anti-mouse CD8 + monoclonal antibody and phycoerythrin (PE)-labeled anti-mouse CD4 + monoclonal antibody; Tlymphocyte subsets were measured by a Beckman Coulter FC500 Flow Cytometer (Beckman Coulter, USA).
Challenge study of immunized mice
Four weeks after the last immunization, mice were challenged with the type 1 or type 2 parasites to evaluate the protective effect. Six mice per group were infected intraperitoneally with 1 · 10 3 tachyzoites of T. gondii RH strain (type 1 parasite) after the last immunization, and the survival time of the mice was observed and recorded.
Another six immunized mice per group were infected via the gastric route with 20 cysts of the T. gondii PRU (type 2 parasite) strain. The challenged mice were sacrificed 4 weeks later and the brains were removed and homogenized in 1 mL PBS. The mean number of cysts per brain was determined by counting three samples of 10 lL aliquots from each homogenized brain under an optical microscope [20] .
Statistical analysis
Statistical significances between the groups were calculated by one-way analysis of variance (ANOVA) using SPSS 19.0 software. The survival rate was compared by the Kaplan-Meier method. A p-value of less than 0.05 (p < 0.05) was considered to be significant.
Results
Humoral IgG antibody was induced via all immunization routes
To assess the systemic humoral immune responses obtained with the five immunization routes of Ad-UMAS, we collected sera at different times after the immunization, and anti-T. gondii IgG and IgG subtypes were detected by ELISA. As shown in Figure 2A , the levels of antibody titers all increased in the five Ad-UMAS immunization routes. Compared to the control, levels of T. gondii-specific IgG antibodies increased dramatically in the sera of all vaccination mice from day 14 to day 35 and achieved the highest on day 49 (p < 0.05). Among different immunization routes, the intramuscular group achieved the highest titer of IgG antibodies, then the subcutaneous, nasal, and oral groups, in decreasing order (Fig. 2B) . In the intravenous vaccination group, the titer of IgG increased rapidly at 2 weeks and gradually more slowly thereafter, making the final titer relatively low.
Further evaluation of serum IgG subtype antibody revealed that T. gondii-specific IgG1 and IgG2a antibody levels were both significantly increased in five Ad-UMAS vaccination groups as compared with the control (p < 0.05), while their differences were substantial in IgG2a but not in IgG1. The values of IgG2a antibody were relatively higher in the intramuscular and subcutaneous vaccination groups than with other vaccination routes (Figs. 2C and 2D ).
Higher mucosal immune responses were induced by intraoral and intranasal vaccination of Ad-UMAS
To evaluate the ability of Ad-UMAS to induce local mucosal immune responses via the five pathways, mucosal IgA antibody response was detected in the collected mouse sera.
As shown in Figure 2E , vaccination in the intraoral and intranasal groups elicited strong T. gondii-specific IgA antibody levels that were significantly higher than other vaccination routes (p < 0.05) (Fig. 2E) . However, there were no statistically significant differences of IgA titer in the intramuscular, intravenous, and subcutaneous vaccination groups compared to control groups (p > 0.05).
Robust cellular immune responses were induced via intranasal vaccination
Cellular immune responses were first evaluated by analysis of the T-cell subset. The CD4 + and CD8 + T lymphocyte subsets in immunized mice were assayed by flow cytometry. Table 2 shows the percentage of CD4 + and CD8 + T-cells, in comparison with control groups; the percentage of CD8 + T-cells in all vaccination groups with Ad-UMAS increased significantly (p < 0.05). The percentages of CD8 + T-cells in mice immunized intranasally (36.5 ± 1.8%), intraorally (29.7 ± 0.2%), and intramuscularly (27.6 ± 1.3%) were higher than in mice immunized by the subcutaneous and intranasal routes (p < 0.05). The cell-mediated immunity induced in the immunized mice was further evaluated by measuring the amount of cytokines IL-2, IL-10, and IFN-c. Table 3 shows the values of IL-2, IFN-c, and IL-10 in all vaccination groups. The highest levels of IL-2 and IFN-c were detected in the nasal immunization group at 638.7 ± 17.6 pg/mL and 1429.8 ± 37.6 pg/mL, respectively. Furthermore, the lymphocyte proliferation ability was also higher in the mice inoculated nasally with Ad-UMAS than the controls (p < 0.05). However, there were no statistically significant differences in the amount of IL-10 between all the immunization group and control groups (p > 0.05) ( Table 3) .
Protective efficacy against the type I and type II parasites
To evaluate the protective immunity, six mice of each group were given an intraperitoneal injection of 1 · 10 3 tachyzoites of T. gondii RH strain at 4 weeks after vaccination. The survival rates of mice immunized via different routes are shown in Figure 3 . The mice immunized with Ad-UMAS via i.m., i.o., and i.n. showed an almost 50% survival rate and lower survival rates of 40% were found in the i.v. and s.c. immunization groups 28 days after challenge. All the control mice died within 8 days. The level of protective effect against chronic infection was evaluated by counting cysts in the brains of mice challenged with 20 cysts of the PRU strain of T. gondii (Fig. 3 ). An obvious reduction in the burden of brain cyst was detected in all the immunized mice compared with the control mice (p < 0.05). The brain cyst numbers in the oral and nasal immunization groups were significantly reduced to 459 ± 34 and 398 ± 61, respectively, which is much lower than the other immunization groups with injection in muscle (569 ± 23), via the venous route (892 ± 51), and via the subcutaneous route (675 ± 65) (p < 0.05).
Discussion
The antigen delivery pathway is a key parameter for the induction of protective immune responses by vaccines against intracellular pathogens [10] . As a novel inoculation, The splenocyte culture supernatants taken from mice (n = 3, each group) 2 weeks after the last immunization were examined for cytokine production by ELISA obtained at 24 h for IL-2, at 72 h for IL-10, and 96 h for IFN-c. c The results of proliferation assays are expressed as the stimulation index, calculated as the ratio between the mean counts per minute (cpm) for triplicate stimulated cultures and the mean counts per min for triplicate unstimulated cultures. Asterisks mark the significant difference: * p < 0.05; ** p < 0.01. Each bar represents the mean OD (± SD). The splenocyte culture supernatants taken from mice (n = 3, each group) 2 weeks after the last immunization were stained with FITClabeled anti-mouse CD8 + monoclonal antibody and PE-labeled anti-mouse CD4 + monoclonal antibody; T lymphocyte subsets were measured using flow cytometry. Asterisks mark the significant difference: * p < 0.05; ** p < 0.01. Each bar represents the mean OD (± SD).
there is general agreement that effective mucosal vaccines (oral, nasal, sublingual, and genital tract vaccines) could dramatically stimulate protective immune responses not only against mucosal infections but also against HIV, Mycobacterium tuberculosis, and many other pathogens [8, 37] . In this study, we compared the capability of Ad-UMAS to induce systemic humoral and cellular immune responses, and local mucosal immune responses via five vaccination pathways (i.m., i.v., s.c., i.o., and i.n.).
Mucosal vaccines are advantageous compared with systemic vaccines from a production and regulatory perspective [18, 23] . Previous studies have revealed that a Middle East respiratory syndrome (MERS) vaccine greatly enhances local mucosal immune responses in immunized BALB/c mice with the intranasal inoculation method [24] . Ideal attenuated vaccines could be engineered to have a limited capacity for replication and to deliver an effective antigen, while avoiding unwanted inflammatory responses [35, 39, 41] . Recombinant adenoviruses are some of the most intensively investigated vaccine carriers in many pathogenic infections, such as Ebola virus, HIV, and the malaria parasite [1, 11, 16, 32] . Several clinical trials have shown that vaccines based on adenoviruses could elicit vigorous and sustained T-cell responses, with the advantage of safety and high immunogenicity [25] .
Our results showed that the Ad-UMAS vaccine could effectively improve the humoral response intramuscular pathway. Systemic humoral IgG antibody responses induced by the intraoral and intranasal vaccination pathway were comparable to those induced by the other pathway in the collected mouse sera. Interestingly, we found that IgG antibody in the intravenous vaccination group increased very sharply at first but slowly later on, even after the boost immunization. It should be considered that antigens that are transmitted to the bloodstream directly can induce strong immune responses in the early stage, but can also cause immune tolerance, explaining why antibody levels increase slowly in the following time [25] .
Moreover, evaluation of serum IgG subtype antibody responses revealed that all vaccination pathways induced a relatively higher level of Th1-associated IgG2a than Th2-associated IgG1 in this study. It should be noted that Ad-UMAS induced a slightly biased Th1-associated antibody response. It is known that production of IgG subtype is driven by cytokines secreted during cellular immune responses. Therefore, the presence of IgG1 and IgG2a indirectly suggests that the vaccination protocol also promoted activation of a cellmediated response [12, 31] . These data suggest that Ad-UMAS immunization by the mucosal vaccination route was capable of eliciting similar systemic humoral antibody responses compared with those elicited by the intramuscular pathway in vaccinated mice.
Mucosal vaccines against Toxoplasma infection require the induction of protective responses at mucosal surfaces and also the induction of systemic protective immune responses in the systemic compartment [18] . As the first line of defense in protecting mucous membranes, specific SIgA plays a protective role against many pathogens. Therefore, vaccines capable of inducing strong local mucosal immunity represented by secretory IgA would be helpful in preventing T. gondii infection [9] . Our data indicated that T. gondii-specific IgA antibody responses in vaccinated mouse sera were elicited by i.n. and i.o vaccination of Ad-UMAS, which were significantly higher than those induced by other vaccination routes, confirming the ability of Ad-UMAS to induce strong mucosal immunity via the mucosal route.
The memory T-cell consists of CD4 + and CD8 + T-cells, which play a vital role in the establishment of protective immunity in hosts [31] . CD8 + T-cells can control the spreading and development of T. gondii infection in synergy with CD4 + T-cells [12] . In our study, CD4 + and CD8 + T lymphocyte subsets from immunized mice were assayed by flow cytometry. There was a marked increase in the percentage of CD8 + T-cells in mice immunized with the Ad-UMAS vaccine via mucosal routes. Cytokines play a critical role in the activities of Th cells. As we know, Th1 cells are responsible for limiting tissue extension of the parasite through the production of IL-2 and IFN-c [15] . Our results show that in contrast with the blank control, high levels of IL-2 and IFN-c were induced in mice immunization with Ad-UMAS especially treated intraorally and intranasally. However, there is no difference in IL-10 production between vaccinated and control groups. Additionally, splenocyte proliferation activity was significantly enhanced in mice immunized via oral and nasal routes. These results clearly suggest that mucosal vaccination with Ad-UMAS can significantly augment Th1-mediated cellular immune responses in which CD8 + T lymphocytes are considered as major effectors responsible for controlling parasite infection and secreting IFN-c during the cellular response against toxoplasmosis.
In our study, a highly virulent RH strain and a mild virulent PRU strain of T. gondii were used for the challenge study. With the RH strain, it is easy to induce acute infection in mice through intraperitoneal injection with tachyzoites. The PRU strain is more likely to induce chronic infection in mice following intragastric administration with cysts [36] . In order to simulate acute and chronic infection in the host, mice were infected with the RH strain and PRU strain by different challenge routes. When challenged with lethal doses of T. gondii (1 · 10   3 ), all five groups immunized with Ad-UMAS had a prolonged survival time as compared with control mice. In particular, mice immunized intranasally and intraorally showed higher survival rates than with the other immunization routes. Since protection via vaccination was not 100% because the strain of the parasite has high mortality and the dose of RH parasites for immunized mice was larger, the optimal challenge dose should be determined in the future. Furthermore, the higher mucosal immune responses that were induced by intraoral and intranasal vaccination of Ad-UMAS may explain the significant reduction in the cyst burden in the mice immunized with Ad-UMAS intraorally and intranasally, which exhibited reductions of 75.3% and 78.6% of brain cysts, respectively.
Earlier studies [14, 26, 34] have determined mortality, cytokine production, and parasite burden after challenge infection in susceptible and resistant strains of mice with the same or similar doses of T. gondii parasites. These studies found that different inbred strains of mice have markedly different susceptibility to T. gondii infection. These susceptibility differences may be due to differences in the virulence of the parasite itself or differences in the genetic make-up of the mice in terms of their immune response. In our study, only one inbred strain of mice was used for the experiment. It is therefore necessary to assess the different immunizations in different strains of mice in future research.
In summary, mucosal immunization with recombinant adenovirus vaccine expressing ubiquitin-conjugated multistage antigen segments (Ad-UMAS) is a potential vaccination route to elicit protective immune responses. Compared to other immunization routes, oral and nasal immunizations with Ad-UMAS elicit both robust systemic and mucosal immune responses, accompanied by a significant increase in survival rates after challenge with highly virulent parasites and a dramatic reduction in brain cyst burdens in vaccinated mice after challenge with mild strains of T. gondii. Therefore, the results of this study should contribute to the development of an effective and safe mucosal vaccine for preventing T. gondii infection.
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